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ABSTRACT 

Using Ha spectra of 114 rest- frame UV-selected galaxies at z ~ 2, we compare inferred star formation 
rates (SFRs) with those determined from the UV continuum luminosity. After correcting for extinction 
using standard techniques based on the UV continuum slope, we find excellent agreement between 
the indicators, with (SFRh q ) = 31 M Q yr _1 and (SFRuv) = 29 M Q yr . The agreement between 
the indicators suggests that the UV luminosity is attenuated by an typical factor of ~ 4.5 (with a 
range from no attenuation to a factor of ~ 100 for the most obscured object in the sample), in good 
agreement with estimates of obscuration from X-ray, radio and mid-IR data. The Ha luminosity is 
attenuated by a factor of ~ 1.7 on average, and the maximum Ha attenuation is a factor of ~ 5. In 
agreement with X-ray and mid-IR studies, we find that the SFR increases with increasing stellar mass 
and at brighter K magnitudes, to (SFRna) ~ 60 M Q yr~ x for galaxies with K s < 20; the correlation 
between K magnitude and SFR is much stronger than the correlation between stellar mass and SFR. 
All galaxies in the sample have SFRs per unit area Xsfr in the range observed in local starbursts. 
We compare the instantaneous SFRs and the past average SFRs as inferred from the ages and stellar 
masses, finding that for most of the sample, the current SFR is an adequate representation of the past 
average. There is some evidence that the most massive galaxies (M* > 10 11 M Q ) have had higher 
SFRs in the past. 
Subject headings: galaxies: evolution — galaxies: high redshift — stars: formation 



1. INTRODUCTION 



Recent studies have indicated that a large fraction 
of the stellar mass in the universe today form ed at 
z > 1 Ipickinson et al] f2003: Ru dnick et al.ll2003t) . Thus 
it is especially important to understand the rates and 
timescales of star formation in galaxies at high redshift. 
Effective techniques now exist for the selection of galax- 
ies at z ~ 2; these u se the galaxies' observed opti- 
cal (jSteidel et all 12004) or near- IR (DRGs, or Distant 
Red Galaxies with J - K > 2.3; iFranx et al]l2003) col- 
ors, or a combinat ion of the two (-Bz-Kf-selected galaxies, 
Daddi et alJl2004() . and can be used to select both star- 
forming and passively evolving galaxies. Galaxies se- 
lected by their optical (U n GlZ) colors comprise ~ 70% of 
the star formation rate density at z ~ 2 (including U n GlZ 
and BzK galaxies to K — 22 and DRGs to K — 21), and 
ran ge in bolometr ic luminosity from ~ 10 10 L© to > 10 12 
L Q iJReddv et aT1l2005Ll2006|) . This paper focuses on the 
star formation properties of such galaxies. 

Advances in instrumentation have enabled the deter- 
mination of star formation rates at an increasing range 

1 Based on data obtained at the W.M. Keck Observatory, which 
is operated as a scientific partnership among the California Insti- 
tute of Technology, the University of California, and NASA, and 
was made possible by the generous financial support of the W.M. 
Keck Foundation. 

2 Harvard-Smithsonian Center for Astrophysics, MS 20, 60 Gar- 
den St, Cambridge, MA 02138; derb@cfa.harvard.edu 

3 California Institute of Technology, MS 105-24, Pasadena, CA 
91125 

4 Department of Astrophysical Sciences, Princeton University, 
Peyton Hall, Ivy Lane, Princeton, NJ 08544 

5 Institute of Astronomy, Madingley Road, Cambridge CB3 
0HA, UK 

6 McKinsey and Company, 1420 Fifth Avenue, Suite 3100, Seat- 
tle, WA, 98101 



of wavelengths. The most straightforward data to ob- 
tain are optical images, which sample the rest-frame UV 
at z ~ 2. The UV light is attenuated by dust, how- 
ever, and the magnitude of this extinction must be un- 
derstood in order to obtain accurate SFRs. At high 
redshift, extinction is most readily determined by the 
UV slope in co mbination with an extinction law such 
as that of ICalzetti et al . (2000); such an approach has 
been found to represent adequately the average extinc- 
tion of most z ~ 2 star-forming galaxies, although the 
UV slope may overpredict the extinction for the youngest 
objects and undcrprcd ict it for the reddest and dusti- 
est galaxies llReddvfc Steidel l20(il iReddv et all 120061: 
iPapovich et alJl2005|) . 

The UV light which is absorbed by dust is reradiated 
in the infrared, and thus the FIR luminosity provides 
a more direct estimate of the bolometric star formation 
rate for many galaxies. The FIR light can be directly 
detected at submillimeter wa velengths for only the most 
luminous z ~ 2 galaxies (e.g. lChapman et alll2005D . but 
it is possible to make use of correlations between the 
FIR and X-ray and ra dio emission to estimat e SFRs for 
more typical galaxies (Reddy & Stcidcl 2004). Such av- 
erage star-forming galaxies at z ~ 2 are not detected 
even in the deepest X-ray and radio images, however, 
so these techniques work primarily for stacked images 
which give only the average SFR of a sample. More re- 
cently, the Spitzer Space Telescope has enabled the de- 
tection of the rest-frame IR light from individual z ~ 2 
galaxi es, for the most direct determinations of b olometric 
SFRs ijPapovich et all2005l IReddv et al.l2006|) . Such es- 
timates are still somewhat indirect, requiring templates 
to convert from the observed 5-8.5 /zm luminosity to 
the total infrared luminosity £ir; however, these con- 
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versions give good average agreement with X-ray and 
dust-corrected UV estimates of SFRs. 

One of the most widely used star formation indicators 
in local galaxies is the Ha emission line, which traces the 
formation of massive stars through recombination in H II 
regions. This is one of the most instantaneous measures 
of the SFR, and it h as the advantage of being particularly 
well-c alibrated fe.g. lKennicutdll998allBrinchmann et al.1 
l2004[) . However, it is much more difficult to apply at 
high redshift because the Ha line shifts into the near-IR 
for z > 0.5. Previous studies of Ha-determined SFRs 
at high redshift have therefore been limi ted to relatively 
small samples of a few to ~ 2 gala xies llErb et a,lJl200.^t 
Ivan Dokkum et all2004l iSwinbank et all2004|) . Regard- 
less of sample size, these studies have demonstrated that 
the detection of Ha at z ~ 2 is quite feasible with an 
8-10 m telescope for galaxies with SFRs greater than a 
few M Q yr" 1 . 

A galaxy's star formation history is as important as 
its current star formation rate, but is considerably more 
difficult to determine. The time at which galaxies begin 
forming stars is fundamental to models of galaxy forma- 
tion, and so we would like to know the ages of galax- 
ies, both locally and at high redshift, and whether or 
not their current SFRs are representative of their past 
star formation rates. Constraints on the histories of 
galaxies can be obtained by modeling their integrated 
light as the sum of stellar populations of varying ages. 
This ha s been done for large samples of local galax- 
ies ('e.g. iBrinchmann et al] [2004t iHeavens et al] 12004ft. 
but at high redshifts it is found that population syn- 
thesis models with a variety of simple star formation 
histories provide adequate fits to the broadban d SEDs 
Ipapovich et a,l.ll200il IShanlev et a.Ul200il 1200^ . With 
a sufficiently large sample, however, statistically mean- 
ingful results may still be obtained. Here we take advan- 
tage of the largest sample of Ha spectra yet assembled 
at high redshift, in combination with stellar masses and 
ages from population synthesis modeling, to compare the 
current star formation rate with the estimated past av- 
erage. 

This paper is one of several presenting the analysis of 
the Ha spectra of 114 z ~ 2 galaxies selected by their 
rest-frame UV colors. The paper is organized as follows. 
In i0we describe the selection of our sample, the obser- 
vations, and our data reduction procedures. We briefly 
outline the modeling procedure by which we determine 
stellar masses and other stellar population parameters in 
121 In we calculate and compare star formation rates 
from Ha and rest-frame UV luminosities. SjHl discusses 
constraints on timescales for star fo rmation. We sum- 
marize our results in ^ Separately. lErb et a l. (2006b) 
focus on the galaxies' kinematics and on com parisons of 
stellar dynamical and inferred gas masses, and lErb et al.1 
( 2006aj) use the same sample of Ha spectra to construct 
composite spectra according to stellar mass to show that 
there is a strong correlation between increasing oxygen 
abundance as measured by the [N II] /Ha ratio and in- 
creasing stellar mass. Galactic outflows in this sample 
are discussed by Steidel et al. (2006, in preparation). 

A cosmology with Ho = 70 km s _1 Mpc^ 1 , fl m = 0.3, 
and £7a = 0.7 is assumed throughout. In such a cosmol- 
ogy, 1" at z = 2.24 (the mean redshift of the current 



sample) corresponds to 8.2 kpc, and at this redshift the 
universe is 2.9 Gyr old, or 21% of its present age. 

2. SAMPLE SELECTION, OBSERVATIONS AND DATA 
REDUCTION 

The selection of the sample and our observin g and data 
reduction procedures are described in detail by Erb et al. 
(2006b). We summarize the object selection briefly here. 
The galaxies discussed in this paper are drawn from the 
rest-frame UV-selected z ~ 2 spectroscopic sample de- 
scribed bv lSteidel et alJ l|2004ft . The candidate galaxies 
are selected by thei r U n GlZ colors (fro m deep optical 
images discussed by Steidel et all 12004ft . with redshifts 
then confirmed in the rest-frame UV using the LRIS-B 
spectrograph on the Keck I telescope. Galaxies were se- 
lected for Ha observations for a wide variety of reasons, 
and the Ha sample is not necessarily representative of 
the UV-selected sample as a whole; because we selected 
some galaxies based on their bright K magnitudes or 
red 1Z — K colors, and because our Ha detection rate is 
lower for galaxies that are very faint in K (as discusssed 
in more detail by lErb et all 12006b') , the Ha sample is 
slightly more massive on average than the UV-selected 
z ~ 2 sample as a whole, though it spans the full range 
of properties covered by the total sample. The galax- 
ies observed are listed in Table 1; their coord inates and 
photom etric properties are given in Table 1 of lErb et alJ 

(20003). 

For the purposes of comparisons with other surveys, 10 
of the 87 galaxies for which we have Ha spectra and JK S 
photometry have J — K R > 2.3 (the sel ection criterion 
for the FIRES survey. iFranx et alJl2003fl : this is similar 
to the ~ 12% of UV-selected galaxies which meet this 
criterion IjReddv et al.1 120051. 18 of the 93 galaxies for 
which we have K magnitudes have K s < 20, the sel ection 
criterion for the K20 survey (jCimatti et alJl2002ft : this 
is a higher fraction than is found in the full UV-selected 
sample (~ 10%), b ecause we intentional ly targeted many 
AT-bright galaxies (jShaplev et alJ 12004ft . Five of the 10 
galaxies with J — K s > 2.3 also have K s < 20. 

2.1. Near-IR Spectra 

The Ha spectra we re obtained with the near-IR spec- 
trograph NIRSPEC l|McLean et all 11998ft on the Keck 
II telescope in low-resolution (R ~ 1400) mode, and 
reduced using t he standard procedures described by 
lErb et all 1)2003(1 . We comment here on the flux cali- 
bration, which is the most difficult step in the process 
but is essential to the determination of star formation 
rates. Absolute flux calibration is subject to significant 
uncertainties, primarily due to slit losses from the seeing 
and imperfect centering of the object on the slit (objects 
are acquired via blind offsets from a nearby bright star) . 
Because the exposures of the standard stars used as ref- 
erence are not usually taken immediately before or after 
the science targets (primarily because the NIRSPEC de- 
tector suffers from charge persistence after observations 
of bright objects), the calibration may also be affected 
by differences in seeing and weather conditions between 
the science and calibration observations. 

Several methods have been used to assess the accu- 
racy of the flux calibration. Using a narrow-band image 
of the Q1700 field (centered on Ha at z = 2.3, for ob- 
servations of the proto-cluster described by Steidel et al. 
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2005), we have measured narrowband Ha fluxes for six 
of the objects in our sample, and find that the NIR- 
SPEC Ha fluxes are ~ 50% lower. For those (relatively 
few) galaxies for which we detect significant continuum 
in the NIRSPEC spectra, we can compare the average 
flux density in the K band with the broadband magni- 
tudes. These tests indicate that the NIRSPEC fluxes are 
low by a factor of ~ 2 or more. We have also assessed 
the effects of losses from the slit and the aperture used 
to extract the spectra by constructing a composite two- 
dimensional spectrum of all the objects in the sample 
and comparing its spatial profile to the widths of the slit 
and our aperture. This test indicates losses of ~ 40%, 
although this figure represents a lower limit because our 
procedure of dithering the object along the slit and sub- 
tracting adjacent images results in the occasional loss of 
flux from extended wings. 

Motivated by these tests, we have when noted applied 
a factor of two aperture correction for the determination 
of star formation rates and Ha equivalent widths. The 
correction is imprecise, as the fraction of flux lost un- 
doubtedly varies from object to object, but application 
of the correction results in a closer approximation to the 
true average flux of the sample than leaving the fluxes 
uncorrected (as shown by the good agreement obtained 
between Ha SFRs and those determined at other wave- 
lengths). 

2.2. Near-IR and Mid-IR Imaging 

We also make use of J-band and if s -band im- 
ages obtained with the Wide-field IR Camera (WIRC; 
iWilson et al.l l2003) on the 5-m Palomar Hale telescope, 
and mid-IR images from the Infrared Array Camera 
(IRAC) on the Spitzer Space Telescope. T hese data 
and our reduction procedures are described bv lErb et al.l 
l|2006blL 

3. MODEL SEDS AND STELLAR MASSES 

We determine best-fit model SEDs and stellar popu- 
lation parameters for the 93 galaxies for which we have 
-ftf-band magnitudes. Most of these (87) also have J- 
band magnitudes, and 35 (in the GOODS-N and Q1700 
fields) have been observed at rest-frame near-IR wave- 
lengths with IRAC. We use a mo deling procedure iden - 
tical to that described in detail by Shapl ev et alJ 112 005). 
with the exception that we employ a lChabrier (2003) ini- 
tial mass fun ction (IMF) rather th an the[Salpcter ( 1955) 
IMF used bv lShaolev et all <|2005|) . This results in stellar 
masses and star formation r ates 1.8 times lowe r. 

The method is reviewed bv lErb et al.l l)2006bjL and the 
results are presente d in Table 2 of that pape r. Using 
the solar metallicity iBruzual fc Chariot! l)2003fl popula- 
tion synthesis models and a variety of simple star forma- 
tion histories of the form SFR oc e^~ tBt ^ T \ with r = 10. 
20, 50, 100, 200, 500, 1000, 2000 and 5000 Myr, as well as 
t = oo (i.e. constant star formation, CSF) , we determine 
the v alues of the age, E(B — V) (using the lCalzetti et all 
2000 extinction law) , star formation rate and stellar mass 
which best match the observed 0.3-8 /im photometry. 
The mean stellar mass is 3.6 x 10 10 M©, and the median 
is 1.9 x 10 10 M©. The mean age is 1046 Myr, and the me- 
dian age is 570 Myr. The sample has a mean E(B — V) 
of 0.16 and a median of 0.15. The mean SFR is 52 M© 
yr _1 , while the median is 23 M© yr _1 ; the difference 



between the two reflects the fact that a few objects are 
best fit with high SFRs (> 300 M© yr" 1 ). We deter- 
mine uncertainties through a series of Monte Carlo sim- 
ulations which account for photometric uncertainties and 
degeneracies between age, reddening and star for mation 
histor y. The simulations are described by Shaplev et al. 
(2005). The resulting mean fractional uncertainties are 
(a x /(x)) = 0.7, 0.5, 0.6 and 0.4 in E(B - V), age, SFR 
and stellar mass respectively. We also briefly consider 
two-component models, to assess the possible presence of 
an older stellar population hidden by current s tar forma- 
tion. As discussed in more detail bv lErb et, alJ (|2()06b), 
we find that the data do not favor large amounts of hid- 
den mass; the most plausible of the two-component mod- 
els increase the total stellar masses by a factor of ~ 2-3, 
comparable to the uncertainties in the single component 
modeling. 

4. STAR FORMATION RATES 

There are three methods of estimating star formation 
rates for most of the galaxies in the sample. In addi- 
tion to the Ha luminosity, which will be used for the 
primary analysis in this paper, SFRs can be calculated 
from the rest-frame UV continuum and the normaliza- 
tion of the best-fit model SED (see [|21 these last two 
methods both use the UV continuum, so are not inde- 
pendent). The correspondence of Ha luminosity with 
SFR in particular is especially useful because it is widely 
used in the local universe and has recently been studied 
in detail us ing large samples of galaxies from the SDSS 
(Hopkins et al. 2003; Brinchmann et al. 2004). Ha also 
provides a nearly instantaneous meaure of the SFR, be- 
cause only stars with masses greater that 10 M© and 
ages less than 20 Myr contribute signific antly to the ion- 
izing flux. We use the Kcnn fouttl l)1998aj) transformation 
between Ha luminosity and SFR, which assumes case B 
recombination, a Salpeter IMF ranging from 0.1 to 100 
M© which we convert to a Chabrier IMF by dividing the 
SFRs by 1.8, and that all the ionizing photons are repro- 
cessed into nebular line emission. Using maximum like- 
lihood SFRs from the fu ll set of nebular emission lines, 
iBrinchmann et al. (2004) show that this approximation 
works well for an average star-forming galaxy, but that 
massive, metal rich galaxies produce less Ha luminos- 
ity for the same SFR than low mass, metal poor galax- 
ies. This is probably a metallicity effect, as increased 
line blanketing in metal-rich stars decreases the number 
of ionizing photons. The galaxies studied here follow a 
trend similar to local galaxies in mass and metallicity, 
though prob ably offset to low er metallicities at a given 
stellar mass l)Erb et al.ll2006a|) . The largest dispersion in 
the conversion factor from Ha luminosity to star forma- 
tion rate is found for the most massive and metal-r ich 
local galaxies (see Figure 7. IBrinchmann et alJl2004|) ; if 
our sample does not contain galaxies with the highest 
metallicities observed in the local universe, then the dis- 
persion in the conversion factor is probably less than our 
uncertainties from other sources, though we may be bi- 
ased toward overestimating the SFR by ~ 0.1 dex. 

In order to calculate SFRs from the UV continuum we 
use the observed G-band magnitude, which corresponds 
to a mean rest-frame wavelength of 1480 A for the galax- 
ies in our sample (except for the 5 galaxies at z ~ 1.5, for 
which the U n magnitude corresponds to ~ 1500 A). We 
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use the lKennicuttl l|1998a(l conversion between 1500 A lu- 
minosity and SFR, which assumes a timescale ol ~ 10 8 
years for the galaxy to reach its lull UV continuum lumi- 
nosity. Because Ha is sensitive to only the most massive 
stars, it is a more instantaneous measure ol SFR than the 
UV continuum; however, for a constant SFR the contin- 
uum luminosity rises by a lactor ol only 1.6 between ages 
ol 10 and 100 Myr, so even lor the youngest objects the 
UV continuum will not severely underestimate the SFR. 
We again convert from a Salpeter to a Chabrier IMF. 

We compare the various SFRs in Figure ^ The upper 
left panel shows SFRuv vs. SFRjja, without correcting 
lor extinction (in all cases we apply a lactor ol two aper- 
ture correction to the Ha SFRs, as discussed in H2.ll) . 
There is considerable scatter, but the probability that 
the data are uncorrelated is P = 0.0006, for a signifi- 
cance ol the correlation ol 3.4<r. We find a mean and 
standard deviation (SFR Hq ) = 22 ± 14 M Q yr -1 , and 
(SFRuv) = 8 ± 5 M Q yr . In the upper right panel 
both fluxes have bee n corrected lor extinction, using the 
Calzctti et al. (2000) extinction law and the best-fit val- 
ues ol E(B — V) from the SED fits. For those galaxies 
which do not have SED fits because we lack the K mag- 
nitude, E(B — V) is calculated from the UV continuum 
slope as measured by the G — 1Z color, assuming a 570 
Myr old SED with constant star formation; this is the 
median best-fit age ol the current sample. The value 
ol E(B — V) calculated from the G — 1Z color in this 
way changes by less than 10% lor assumed ages from 
300-1000 Myr, though for young objects E(B - V) will 
probably be underestimated using this method. The 
value ol E(B — V) used lor each galaxy is shown in 
Table Q] the mean value is (E(B - V)) = 0.16. We 
have used the same value ol E(B — V) lor the stellar 
UV continuum and lor the nebular emission lines, rather 
than E(B — y)stRiia. r = 0AE(B — V) ne b as proposed by 
iCalzetti et al.l l)2000l) , because the latter assumption sig- 
nificantly overpredicts the Ha SFRs with respect to the 
UV SFRs. The relative extinction suffered by the stel- 
lar continuum and the nebular emission lines is an ad- 
ditional source ol uncertainty in our SFRs. After the 
above corrections, we find a mean and standard devia- 
tion (SFR Hq ) = 31±18 M Q yr" 1 , and (SFR UV ) = 29±19 
M Q yr -1 , using 3tr rejection to compute the statistics in 
order to prevent the lew objects with very high SFRs 
(particularly from the UV luminosity) from biasing the 
distribution. 

The correlation between the corrected Ha and UV 
SFRs is highly significant (6.8<r), with an rms scatter 
ol 0.3 dex. Some ol this correlation may be due to the 
extinction correction applied to both SFRs; to test the 
significance ol this effect, we have randomized the lists 
ol uncorrected Ha and UV fluxes to create many sets ol 
mismatched pairs, and applied the same (also random- 
ized) value ol E(B — V) to both fluxes in each pair. In 
10,000 trials we never observe a correlation as strong as 
that observed in the real data; the average trial has a 
correlation significance ol 2.8cr induced by the extinction 
correction. The much higher correlation significance in 
the real data confirms the underlying correlation ol the 
uncorrected SFRs. 

In the lower panels ol Figure Q we compare the cor- 
rected Ha SFRs with those determined by the normaliza- 
tion ol the best-fitting SED. The SED modeling uses the 



extinction-corrected UV luminosity to determine SFRs, 
as we have done more directly in the comparison dis- 
cussed above; the difference is that the modeling includes 
a variety ol star formation histories. The primary pur- 
pose ol this comparison is therefore to assess the effect 
of the assumed star formation history on SFRs deter- 
mined from SED modeling. The lower left panel shows 
the SFR ol our adopted best-fit model vs. SFRh q . The 
correlation is strong (5.3c) and the rms scatter is 0.3 dex. 
The mean SFR from the SED fits is (SFR fit ) = 24 ± 17 
Mq yr" 1 , again computed with 3tr rejection because ol 
the lew objects with very high SFRs. 70% ol the ob- 
jects have SFRhq > SFRfi t . The points with open cir- 
cles are those lor which we have used models with ex- 
ponentially declining SFRs (SFR ex e~*/ T ) because they 
provided a significantly better fit than the constant star 
formation models; it is clear that the use ol declining 
models depresses the SFR. This can be seen lurther in 
the lower right panel ol Figure ^ in which we plot the 
SFR ol the best- fitting declining model vs. SFRhq. The 
points are coded according to the value of r: filled red 
circles are those galaxies best fit with r=10, 20 or 50 
Myr models, open green circles have r=100, 200 or 500 
Myr, cyan crosses have r=l, 2 or 5 Gyr, and blue dia- 
monds are constant star formation models. As expected, 
the steeply declining r models yield the lowest SFRs, 
since they allow the SFR to drop significantly during the 
lifetime ol massive stars. The objects with the highest 
SFRs are also formally best fit by steeply declining mod- 
els; these are generally young, highly reddened objects 
that are acceptably lit by all values ol r and have high 
SFRs lor all star formation histories. It is important to 
bear in mind when considering the r models that they 
are undoubtedly an oversimplification of the likely star 
formation histories. A model with declining star forma- 
tion may be required to obtain an acceptable fit when a 
galaxy shows significant light from a previous generation 
ol stars as well as a current star formation episode, even 
il the current episode is best described by constant star 
formation. In such cases the current SFR is likely to be 
underestimated. Two component models which decouple 
the current star formation episode from the older popu- 
lation are more successlul in determining current SFRs; 
general two-component models that add a linear com- 
bination ol a current episode ol co nstant star forma tion 
and an old burst (as described bv lErb et al.ll2006b(l are 
significantly better at matching the Ha-determined SFRs 
of galaxies which require r models, while still providing 
an acceptable fit to the SED. 

We conclude that a typical galaxy in our sample has 
a star formation rate ol ~ 30 M Q yr" 1 , though the 
SFRs ol individual objects vary from ~ 7 to ~ 200 
M Q yr -1 . The dispersion in the correlations suggest an 
uncertainty ol a lactor ol ~ 2 lor individual galaxies, as 
expected given the uncertainty ol the aperture correc- 
tion on individual objects. This result is in very good 
agreement with the mean SFR ol ~ 28 M Q yr" 1 de- 
termined for the z ~ 2 UV-selected sample from X-ray 
stack ing techniques l)Reddv &: Steide]||2004t iReddv et alJ 
120051 we have converted their value to a Chabrier IMF lor 
comparison with our sample). We also find good agreee- 
ment between the Ha SFR s and those d etermined from 
24 /im observations; Reddy et al. (2006) show that lor 
~ 10 galaxies in the GOODS-N field, the bolometric lu- 
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Fig. 1. — A comparison of star formation rates from Ha, the UV continuum, and the SED fits. Upper left: SFR,Ha vs. SFRtjv, without 
correcting for extinction. Upper right: SFRh q vs. SFRtjv, with both SFRs corrected for extinction. Lower left: Corrected SFRhq vs. the 
SFR obtained from the normalization of the adopted model SED. Solid symbols are constant star formation models, and the open symbols 
represent objects for which we have adopted a model with an exponentially decreasing star formation rate. Lower right: Corrected SFRhh 
vs. the SFR of the best-fitting declining model for each object. Filled red circles are galaxies with t=10, 20 or 50 Myr, open green circles 
have r=100, 200 or 500 Myr, cyan crosses have r=l, 2 or 5 Gyr, and blue diamonds are constant star formation models. The use of steeply 
declining r models decreases the SFR with respect to that found from Ho. 



minosities implied by the corrected Ha SFRs agree well 
with those inferred from t he 24 /nm lum i nosity . 

A further result of the IReddv et all l)2005|) study is 
that the SFR increases with increasing if-band luminos- 
ity. We compare t he current sample to the results of 
IReddv eta l. (2005) by dividing our sample (excluding 
AGN) into bins in K magnitude and finding the aver- 
age corrected SFRjj q in each bin. The results are shown 
in Figure |3 where the red circles are the average Ha 
SFRs and t he blue s quares are the SFRs from the X-ray 
stacking of Rcddv ct al. (2005). This is a comparison 
of similar objects, but not the same objects; the X-ray 
data are available only in the GOODS-N field, so the 
overlap between the two samples is small. The agree- 
ment is quite good for objects with K < 21, but the Ha 
data shows a rise in SFR for if- faint, low stellar mass 
objects that is not seen in the X-ray sample. This dis- 



crepancy is likely related to at least two different selection 
effects which complicate the comparison of SFRs at faint 
K magni tudes. As noted in |2| an d discussed in more 
detail bv lErb et al.1 ()2006bD . we are less likely to detect 
Ha emission for objects that are faint in K , unless they 
have high SFRs. Factoring in non-detections of if-faint 
galaxies would probably lower the two right-most points 
considerably (we have not done this because of the dif- 
ficulty in distinguishing non-detections due to low flux 
levels from non-detections for other reasons). If the low 
stellar mass objects in the Ha sample are young star- 
bursts, the relative timescales of X-rays and Ha as star 
formation rate indicators may also be a factor. The Ha 
luminosity is nearly instantaneous, while the X-ray lu- 
minosity increases for the first ~ 10 8 years as O/B stars 
die and become high-mass X-ray binaries. The X-rays 
may thus underestimate the SFR for very young objects. 
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Fig. 2. — Star formation rates from Ho and X-ray stacking, as 
a function of K magnitude. Red circles from left to right rep- 
resent the average extinction-corrected SFR[j a of galaxies with 
19 < K s < 20 and in 0.5 magnitude bins between K s = 20 
and K s = 22.5, excluding AGN. The average SFRs determined 
by stacking deep X-ray images of a slightly overlapping sample 
of z ~ 2 galaxies in the GOODS-N field in the same ranges o f 
K magnitude are shown by the blue squares (Reddv et al. 2005). 
The upturn in SFRrja at faint K magnitudes is probably a selec- 
tion effect, because we are less likely to detect Ho in galaxies faint 
in K and because X-rays may underestimate the SFRs for young 
objects. 

Because the relative importance of these effects is diffi- 
cult to quantify, the comparison of SFRs is most robust 
at brighter K magnitudes, and the agreement between 
the Ha, X-ray, UV and 24 /im SFRs in this range is 
encouraging. For the remaining analysis, we adopt the 
corrected Ha SFRs. 

4.1. Star Formation Rate Surface Density 

Because we have measured th e spatial extent of the Ha 
emission fsee lErb et al.ll2006bl) as well as the star forma- 
tion rate it implies, we can also calculate the SFR sur- 
face density for the sample. After converting the SFRs 
to a Salpeter IMF by multiplying by 1.8 (for compari- 
son with local galaxies), we find a mean (Esfr) = 2.9 
M Q yr -1 kpc~ 2 . As shown in Figure the observed 
distribution is simi lar to the s ample of local star burst 
galaxies studied bv iKennicuttJ 1J1998U) . with the excep- 
tion that the z ~ 2 sample does not contain objects with 
Ssfr ^ 20 M Q yr _1 kpc -2 ; the upper cutoff of our distri- 
bution is an order of magnitude lower than is seen locally. 
The nearby galaxies with the highest values of Esfr are 
the ultra-luminous IR galaxies (ULIRGs), which have 
bolometric luminosities > 10 12 L Q . Recent 24 /jm ob- 
servations from the Spitzer Space telescope have shown 
that the most luminous z ~ 2 galaxies can be at least 
~ 10 times more dus t-obscured than would be inferred 
from their UV slopes l|Reddv et al.ll2006t iPapovich et al.1 
2005). Thus it is possible that by using a UV-based ex- 
tinction correction we have underestimated the SFRs for 
the most luminous galaxies in the sample, though by a 
smaller factor than we would using UV-based SFRs be- 
cause of the lower optical depth for Ha. 

However, the sample appears to include ULIRG-likc 
objects. From the extinction-corrected Ha SFRs we es- 
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Fig. 3. — A comparison of the star formation surface densities 
Esfr, of the curren t sam ple (large red histogram) and the star- 
bursts of Kennicutt (1998b, shorter blue histogram). In this case 
we use a Salpeter IMF for consistency with the low redshift sam- 
ple. The inability to resolve star formation on small spatial scales 
at high redshift results in an absence of objects with the highest 
values of Esfr in the 2^2 sample. 

timate that the bolometric luminosities of the current 
sample range from ~ 10 11 to > 10 12 L© (the bolometric 
luminosities inferred from Ha are plotted in Figure 10 
of Er b et afll2006bl). Most of the local starbursts used 
by Kennicutt (1998_hj) are found in compact circumnu- 
clear disks, with sizes smaller than the galaxy in which 
they are contained and smaller than the typical sizes we 
find for the z ~ 2 galaxies. It is not possible to re- 
solve star formation on scales smaller than a few kpc in 
the high redshift sample; starburst activity that occurs 
in small, discrete regions rather than evenly across the 
galaxy would lead to an overestimate of the size and an 
underestimate of the surface density. 

The large values of Esfr imply high gas surface den- 
sities an d substant i al gas masses. This is discussed in 
detail bv lErb et alJ (2006b), in which we employ the cor- 
relation between Esfr and gas density to estimate the 
galaxies' gas masses and gas fractions, finding a mean gas 
fraction of ~ 50%. We also note that all of the objects 
have Esfr > 0.1 M yr -1 kpc -2 ; starburst-driven su- 
perwinds are observed to be ubiqu itous in galaxie s with 
SFR densities above this threshold ( Heckmanl2 002) . The 
galaxies' outflow properties are discussed by Steidel et al 
(2006, in preparation). 

5. COMPARISONS WITH STELLAR MASS AND STAR 
FORMATION TIMESCALES 

Given the suggestion of increasing SFR at brighter K 
magnitudes shown in Figure[5]and found by Reddv et al. 
(2005), and the correlation between stellar mass and K, 
we might expect a correlation between SFR and stellar 
mass. This is tested in Figure 0J where in the left panel 
we show the extinction-corrected SFRh q plotted against 
stellar mass. There is a general trend in the sense that 
objects with higher stellar masses have larger SFRs, but 
the data are only moderately correlated with a signifi- 
cance of 2.1ct. For the same set of objects, K magnitude 
and SFR are much more strongly correlated, with 4. 3c 
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significance; this is probably because the rest-frame op- 
tical light is strongly affected by current star formation 
as well as the formed stellar mass. 

Some features of this plot can be explained by selection 
effects. The absence of objects with low stellar masses 
and low star formation rates is probably due to the fact 
that we are less likely to detect Ha in galaxies that are 
faint m K. A low mass galaxy would also require a 
relatively high SFR to be detected in the observed K- 
band. Massive, nearly passively evolving galaxies with 
low SFRs would also not be selected by our survey. This 
result can be usefully compared with that of Reddv et al.l 
( 2006) , who consider bolometric luminosity as a function 
of stellar mass for optical and near-IR selected galaxies 
(Figure 14). They find that low mass galaxies span a 
wide range in bolometric SFRs, from LIRG to ULIRG 
levels of luminosity, and that the high mass and lower 
luminosity range of parameter space contains galaxies se- 
lected with near-IR techniques; thus, among galaxies of 
all types at z ~ 2, the correlation between stellar mass 
and SFR is relatively weak. 

The points marked with open diamonds are objects in 
which the dynamical mass Md yn , as determined by the 
Ha line width and the spatial extent of the Ha emission, 
is more than 10 times larger than the stellar mass M». 
Stellar and dynamical masses are compared by Er b et aLl 
(2006b), who show that the galaxies with M dyn /Af^ > 10 
have young ages and high Ha equivalent widths, and are 
therefore likely to be young objects with large gas frac- 
tions. This conclusion is further strengthened by esti- 
mates of their gas masses, determined by making use of 
the correlation betwee n star formation r ate surface den- 
sity and gas density l|Kennicuttl Il998bj) : the mean gas 
fraction implied for such M dyn ^> M+ objects is ~ 90%. 
These objects occupy a unique region in Figure 0J with 
high SFRs and low stellar masses. 

A possible concern is that the high SFRs of the young, 
low mass objects are due to the extinction correction, if 
the degeneracy between age and extinction has caused 
an overestimation of the reddening. In the right panel 
of Figure Q] we plot the uncorrected SFRh q vs. stellar 
mass, two entirely independently derived quantities; the 
plot is very similar to the corrected version, with the 
Mdyn/M+ > 10 objects still among those with the high- 
est SFRs in the sample. A related concern is that these 
young objects may not follow the same exti nction law as 
the re st of the sample; this is suggested by IReddv et al.l 
(2006), who show that (unlike most other UV-selected 
objects) galaxies with best fit ages < 100 Myr are offset 
from the local relation between the UV slope j3 and the 
ratio of far-IR to UV luminosity -Zjfir/^1600- If this is 
true, the extinction correction may be overestimated for 
this set of objects. However, the impact on our results is 
negligible; we estimate that this could cause an overesti- 
mate of the SFRs in young objects of a factor of ~ 1.2, 
significantly less than other sources of uncertainty. 

5.1. Star Formation Timescales 

A commonly used measure of the importance of the 
current episode of star formation to the buildup of stel- 
lar mass in a galaxy is the specific star formation rate, the 
star formation rate per unit stellar mass. Massive galax- 
ies have lower specific SFRs, and at a given stellar mass 
the specific SFR is observed to decline with redshift (e.g. 



iPapovich et"aTll2003 IReddv et all 12006). We plot the 
specific SFR against stellar mass in Figure El This plot 
can be usefully compared with Figure 15 of lReddv et alJ 
(2006), who plot specific SFR as a function of stellar 
mass for both UV and near-IR selected galaxies in the 
GOODS-N field. The higher fraction of massive galaxies 
in the NIRSPEC sample considered here shows that the 
UV-selected sample contains objects with stellar masses 
and specific SFRs comparable to the most massive near- 
IR selected objects with the lowest specific SFRs in the 
GOODS-N field (neglecting those which are not detected 
at 24 /mi). Both figures show that at z ~ 2 (as in the 
local universe), galaxies with low stellar masses are as- 
sembling a much higher fraction of their stellar mass than 
more massive objects. 

The inverse of the specific SFR provides a star forma- 
tion timescale, Tsfr = M*/SFR; this is the time required 
for the galaxy to form all its stellar mass at the current 
SFR. By comparison with the age of the universe at the 
redshift of the galaxy and with the inferred age from the 
SED fits, we may obtain some constraints on the star 
formation histories. The right axis of Figure ]E\ shows 
Tsfr, and on this scale the shaded horizontal band rep- 
resents the age of the universe for the range of redshifts 
in the sample. If Tsfr is greater than the age of the 
universe at the redshift of the galaxy, then the galaxy 
cannot have formed all its stars at the current rate, and 
must have had a higher SFR in the past. Only objects 
with M^ >6x 10 10 M Q have Tsfr approximately equal 
to the age of the universe. This upper limit on the time 
available for star formation suggests that while most ob- 
jects do not require declining star formation histories, 
a CSF model may not be a reasonable fit for the most 
massive galaxies. These appear from Figure to require 
higher past SFRs, although the uncertainties in the SFR 
and stellar masses are large enough that this conclusion 
is not robust. Similar results are found from the SED 
modeling, as noted in <J3 the issue is discussed in more 
detail bv lShaplev et alJ l)2005|) . who find that constant 
star formation models do not provide an adequate fit to 
the SEDs of five of the six galaxies in their sample with 
M^ > 10 11 M©. These galaxies, and the most massive 
objects in the current sample, are best described by ex- 
ponentially declining models with r = 1-2 Gyr. With 
r/t > 1, such a model would be indistinguishable from 
constant star formation for the younger galaxies in the 
sample, and may in fact be preferred for these objects 
because of the exponential SFR implied by a Schmidt 
law-like dependence of the s tar formation rate on the gas 
mass (see the discussion bv IReddv et al.ll2006D . 

We can obtain additional constraints on the star for- 
mation histories by comparing Tsfr with the ages we 
obtain from the SED fitting. This test is implicit in the 
comparison of SFRs from Ha and the SED fitting shown 
in Figure ^ it is essentially a consistency check for our 
SED fits and Ha SFRs, since most of the ages repre- 
sent constant star formation models. If the current SFR 
is an adequate representation of the past average, then 
Tsfr should be approximately equal to the age. We plot 
Tsfr vs. age in Figure H3 The dashed line represents 
equal timescales; if objects fall significantly above this 
line, they cannot have formed all of their stars at their 
current rate over their inferred lifetime and must have 
had a past burst, while objects significantly below the 
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Fig. 4. — Star formation rate from Ha vs. stellar mass, with the SFR corrected for extinction at left and uncorrected at right. In both 
cases SFR increases with increasing stellar mass, except for most of the galaxies with M^yn/M* > 10 (marked with open diamonds; see 
lErb et alj|20 06b). The absence of low mass galaxies with low SFRs is probably a selection effect, as such objects are less likely to be 
detected both in our K"-band images and in Ha. Massive galaxies with little current star formation would also not be present in our survey. 
Galaxies marked with triangles have J — K > 2.3, and those marked with circles are AGN. 




Fig. 5. — The specific star formation rate SFRhq/M* vs. stellar 
mass. The solid and dashed diagonal lines show star formation 
rates of 100 and 10 Mq yr _1 respectively. The right axis shows the 
star formation rate timescale Tgpj^ = M*/SFR[jc«; the inverse of 
the specific SFR. On this scale, the shaded band represents the age 
of the universe for the redshift range of the galaxies in the sample. 
The most massive galaxies have TgpR > (universe, indicating that 
they may require declining star formation histories. Symbols are 
as in Figure HI 

line would have a current SFR higher than the past av- 
erage. The dotted lines show the average uncertainty in 
the age from our Monte Carlo simulations of the SED 
fits, which include uncertainties due to the star forma- 
tion history. Most of the objects fall between or near the 
dotted lines, suggesting that constant star formation over 
the age determined by the SED fit adequately describes 
the star formation histories of most of the galaxies in 
our sample, though the scatter is certainly large enough 
to allow for some declining star formation histories, as 
may be required for the most massive galaxies. It should 
also be noted that the tendency of a few of the youngest 
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Fig. 6. — The star formation timescale Tsfr vs. age. This 
plot provides a check of the consistency of the Ha SFRs and the 
primarily constant star formation models we use to fit the SEDs; for 
CSF models, Tsfr should be approximately equal to the age. The 
dashed line shows equal times, and the dotted lines on either side 
show the typical uncertainty in age. Symbols are as in Figure |41 

galaxies to fall above the dashed line is probably due 
to an underestimate of their ages, which cannot realisti- 
cally be less than their dynamical times; for this set of 
objects, the average idyn — 2r/er = 80 Myr (as compared 
to ~ 130 Myr for the entire sample). 

5.2. Ha Equivalent Widths 

The Ha equivalent width Wn a provides an additional 
tool to investigate the star formation history. As the 
ratio of the Ha luminosity to the underlying stellar con- 
tinuum, Wua is a measure of the ratio of the current to 
past average star formation. We determine Wn a by tak- 
ing the ratio of the Ha flux and the i^-band continuum 
flux, after subtracting the contribution of Ha to the K- 
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band magnitude. In calculating the equivalent widths we 
have applied the factor of two ap ertu re correction to the 
Ha fluxes discussed above and in M2. II ( except in the cases 
of Q1623-BX455 and Q1623-BX502, for which twice the 
Ha flux slightly exceeds the K-band magnitude) , but we 
have not applied an extinction correction; this is equiv- 
alent to the assumption that the nebular emission lines 
and the stellar continuum suffer the same attenuation. 
Who is plotted against the best-fit age from the SED fits 
in Figure[7| For constant star formation, Wh q should de- 
crease with age, as the stellar continuum increases while 
the Ha flux remains the same. There is considerable scat- 
ter in the Wn Q -age comparison, but the probability that 
the data are uncorrected is P — 0.001, for a significance 
of 3.3cr. 




Log (Age/Myr) 

Fig. 7. — A comparison of Ha equivalent width and age from the 
SED modeling. The lines show the predicted Whq as a function 
of age for constant star formation, from Starburst99 models with 
solar (solid black line) and 0.4 solar (dashed blue line) metallic- 
ity. The large scatter of the data with respect to the models is 
probably caused by variations in the SFR as well as observational 
uncertainties. Symbols are as in Figure IH 



For simple star formation histories, the evolution of 
Wn a with galaxy age can be predicted with models of 
stellar evolution and population synthesis. The solid 
black line in Figure[7]is the theoretically p redicted depen- 
dence of Wna on a g e j from a Starburst99 (Lcit herer et al.1 
1999) mo del with constan t star formation, solar metallic- 
ity, and a iKroupal (2001) IMF, which gives very similar 
results to the Chabrier IMF we employ; the dashed blue 
line is the same, but for Z — OAZq (as discussed above, 
metal-rich galaxies are observed to produce less Ha lumi- 
nosity for a given SFR than galaxies of lower metallicity) . 
There is general agreement between the models and the 
data, but with a large amount of scatter. The equiva- 
lent width is a comparison of two quantities with very 
different timescales; the light from the stellar continuum 
generally increases over time, while the Ha flux may vary 
stochastically on a much shorter timescale, in response 
to mergers, feedback, or accretion events. The scatter in 
the data with respect to the models is ~ 0.5 dex, which 
can be accounted for by a factor of ~ 2 change in the 
current star formation rate with respect to the past av- 



erage (because a change in the Ha flux also affects the 
inferred continuum flux through the subtraction of Ha, 
the equivalent width can change by a larger factor than 
the star formation rate) . A factor of ~ 2 is also the typ- 
ical uncertainty in the star formation rate of individual 
objects. 

The relative extinction of the nebular lines and stel- 
lar continuum probably also affects the results here. As 
mentioned above in the discu ssion of the star form ation 
rates, we have not used the iCalzetti et al.l (2000) pre- 
scription of E(B - V) st eUar = 0AE(B - V) neb for the 
extinction corrections because doing so results in a sig- 
nificant overestimate of the SFRh q with respect to the 
SFRs from the UV continuum and our models (if we have 
overestimated the typical aperture correction, then there 
is room for additional nebular line extinction) . Applying 
this additional extinction correction results in a typical 
increase of a factor of ~ 3 in Wh^; as can be seen in 
Figure [7| the mean value of Wiia is somewhat below the 
CSF predictions at a given age, but not usually by a fac- 
tor of three. It is possible that the HII regions do suffer 
some smaller amount of additional extinction, however, 
and this may explain the larger number of objects in 
our sample that fall below the predictions. This should 
be more significant for the older objects, as the stars in 
young galaxies have not had as much time to migrate 
away from the dusty regions in which they form. It ap- 
pears from Figure [7] however, that it is the youngest 
objects that have systematically lower equivalent widths 
than predicted by the models. These are also the objects 
for which Wn a is the most uncertain, however. The typ- 
ical uncertainty in JUhq is ~ 40%, but this approaches 
~ 100% for the galaxies in which the Ha flux makes up 
most of the if -band light; comparisons of ages and equiv- 
alent widths should be regarded as highly uncertain in 
this regime. We also note that the most anomalous point, 
in the lower left corner, corresponds to Q1700-BX681, 
which is not well fit by any model SED and therefore 
has a very uncertain age. As mentioned above, we may 
have somewhat underestimated the ages of the youngest 
objects in general, as the ages cannot be significantly less 
than the dynamical timescale idyn ~ 80 Myr. 

Nothing in these results contradicts the hypothesis that 
the current star formation rate is generally represen- 
tative of the past average for most of the sample, al- 
though stochastic variations are likely. We are not able 
to strongly discriminate between star formation histo- 
ries, however; a shallowly declining star formation his- 
tory would also result in equivalent widths somewhat 
below the CSF predictions, and this is likely to be an 
additional factor for some of the objects in the sample, 
particularly the oldest and most massive. Extrapolating 
forward in time, the star formation rates of the galax- 
ies in our sample will certainly decline as they lose their 
gas to star formation or winds; by z ~ 1 their cluster- 
ing properties will best match those of the early-typ e 
galaxies in the DEEP2 survey l)Adelberger et alj |2005). 
suggesting that star formation will be largely completed 
within the next ~ 3 Gyr. 

6. SUMMARY AND DISCUSSION 

We have used the Ha and UV luminosities of a sample 
of 114 galaxies at z ~ 2 in order to estimate their star for- 
mation rates. Using stellar masses and ages determined 
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through population synthesis modeling, we have assessed 
the star formation properties as a function of stellar mass 
and age. Our main conclusions are as follows 7 : 

1. The sample has a mean star formation rate 
from extinction-corrected Ha luminosity (SFRh q ) = 31 
M Q yr" 1 . The average extinction-corrected UV SFR 
is (SFR UV ) = 29 M Q yr" 1 . SFRs range from - 7 to 
> 200 M Q yr" 1 , and the average Ha SFRs are in excel- 
lent agreement with those determined from X-ray, radio, 
and mid-IR data. The good agreement between the in- 
dicators implies that the UV luminosity is attenuated by 
an typical factor of ~ 4.5, while the Ha luminosity is 
attenuated by a factor of ~ 1.7 on average. UV atten- 
uation ranges from none to a factor of > 100, and Ha 
attenuation from none to a factor of ~ 5. 

2. Star formation rate and K magnitude show sig- 
nificant (4.3<t) correlation, with the brightest, K s < 20 
galaxies having (SFRh q ) ~ 60 M Q yr" 1 . The correlation 
between SFR and K magnitude is significantly stronger 
than the correlation between SFR and stellar mass, prob- 
ably because the rest-frame optical light is strongly af- 
fected by current star formation as well as the formed 
stellar mass. 

3. All galaxies in the sample have SFRs per unit area 
Esfr in the range observed in local starbursts. All are 
also above the threshold Esfr > 0.1 M Q yr -1 kpc" 2 , 
above which galactic-scale outflows are observed to be 
ubiquitous in the local universe. 

4. We compare the instantaneous SFRs and the 
past average SFRs as inferred from the ages and stel- 
lar masses, finding that for most of the sample, the cur- 
rent SFR appears to be an adequate representation of 
the past average. There is some evidence that the most 
massive galaxies (M* > 10 11 Mq) have had higher SFRs 
in the past. Both of these conditions can be met by an 
exponentially declining star formation rate with r = 1-2 
Gyr.^ 

It is worth emphasizing the good overall agreement 
between SFRs determined from Ha, the UV continuum, 
X-rays, and radio and mid-IR observations. All of these 
diagnostics indicate the same average SFR for the sam- 
ple, and the dispersion between the Ha and UV SFRs 
suggests a typical uncertainty of a factor of ~ 2. This re- 
sult has encouraging implications for the determination 
of SFRs and the SFR density at high redshift, as it is 
far easier to obtain UV luminosities for a large sample 
of galaxies than Ha fluxes or deep mid-IR data (and ra- 
dio and X-ray observations give only the average SFRs 
of the sample) . There has been a widespread perception 
that the UV luminosity is an unreliable measure of the 
instantaneous star formation rate, but these results indi- 
cate that, for large numbers of high redshift star-forming 
galaxies, this is not the case. 

Another way of stating this result is that the UV slope 
provides a reasonably accurate indication of extinction 



7 Note that we have used a Chabrier (2003) IMF, which results 
in SFRs and stellar masses 1.8 times lower that the often used 



in most high redshift star- forming g alaxies. This is not 
a new result: iReddv & Steidell J20041 found that UV lu- 
minosities uncorrected for extinction underestimated the 
bolometric SFRs as determined from X-rays by a fac- 
tor of ~ 4.5-5, in very good agreement with the factor 
of 4.5 difference we find between the median corrected 
and uncorrected UV SFRs. Using bolometric luminosi- 
ties determined from 24/xm fluxes, IReddv et al.1 (2006) 
find that most star-forming galaxies at z ~ 2 follow the 
local relation between the rest-frame UV slope and dust 
obscuration. There are important exceptions to this rule, 
however; the relationship between UV slope and obscu- 
ration breaks down for the most luminous galaxies with 
Lho\ ^ 10 12 L , and young galaxies with ages less than 
~ 100 Myr also fall away from the relation. 

We have also found that, for most of the galaxies in the 
sample, the current star formation rate appears to be rep- 
resentative of the past average. These results can be use- 
fully compared with t hose of studies at som ewhat lower 
redshifts; for example, I.Tuneau et al.l i|2005l) use galaxies 
from the Gemini Deep Deep Survey (GDDS) in the red- 
shift range 0.8 < z < 2 to study the dependence of star 
formation rate on stellar mass. They find that star for- 
mation in massive galaxies (M* ~ 6 — 30 x 10 10 M ) 
drops steeply after z ~ 2 and reaches its low present day 
value at z ~ 1, while the SFR declines more slowly in 
less massive galaxies. In agreement with this conclusion, 
we find that all of the galaxies in the current sample are 
still strongly forming stars, and that the most massive 
objects are li kely to have had h igher star formation rates 
in the past. lErb et alJ lj2006b|) and [Rcddv et al. (2006) 
show that these massive galaxies probably have low gas 
fractions and have thus nearly finished assembling their 
stellar mass. More generally, the clustering properties of 
the z ~ 2 galaxies (jAdelberger et al1l2005j) indicate that 
they will become early-type galaxies with little current 
star formation by z ~ 1. 
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2.3396 


0.130 


5.2 


2.2 


19 


29 


24.67 


28.80 


5 


17 


15 


Q2343-BX587 


2.2430 


0.180 


5.5 


2.1 


19 


32 


23.79 


29.12 


10 


57 


49 


Q2343-BX599 


2.01156 


0.100 


1.5 


1.3 


12 


16 


23.6 


29.11 


10 


25 


21 


Q2343-BX601 


2.3769 


0.125 


7.4 


3.3 


29 


42 


23.7 


29.20 


12 


42 


36 


Q2343-BX610 


2.2094 


0.155 


8.1 


3.0 


26 


42 


23.92 


29.05 


9 


38 


32 


Q2343-BX660 


2.1735 


0.010 


9.4 


3.3 


29 


30 


24.27 


28.90 


6 


7 


5 


Q2343-MD59 


2.01159 


0.200 


2.9 


0.8 


7 


11 


24.99 


28.55 


3 


18 


11 


Q2343-MD62 


2.17524 


0.150 


2.3 


0.8 


7 


11 


25.5 


28.41 


2 


8 


7 


Q2343-MD80 


2.0138 


0.020 


3.2 


0.9 


8 


9 


24.81 


28.63 


3 


4 


1 


Q2346-BX120 


2.2664 


0.005 


5.3 


2.1 


18 


19 


25.1 


28.60 


3 


3 




Q2346-BX220 


1.9677 


0.055 


10.3 


2.9 


25 


30 


23.86 


28.99 


8 


13 


1 


Q2346-BX244 


1.6465 


0.300 


5.4 


1.0 


9 


21 


23.49 


29.00 


8 


119 




Q2346-BX404 


2.0282 


0.095 


13.9 


4.2 


36 


49 


23.57 


29.13 


10 


25 


22 



310 
121 
171 
208 
150 
22 
124 
52 
257 
110 
57 
183 
117 
122 
146 
120 
246 
40 
125 
2245 

127 
152 
168 
150 
133 
231 
606 
253 
293 
537 
1639 
632 
200 
345 
98 
760 
133 
67 
197 
192 
230 
365 
95 
107 
199 
59 
188 
52 
143 
206 

182 

273 
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TABLE 1 — Continued 



Uncorrected Corrected Uncorrected Corrected 

Object z Ha E{B-VY F Ha b L Hq c SFR Ha d SFR Ha c m 15 oo f Log(Li 5 oo) s SFR uv h SFRtjv 1 SFR flt J 



Q2346-BX405 


2.0300 


0.010 


14.0 


4.2 


37 


38 


23.44 


29.18 


12 


13 


7 


Q2346-BX416 


2.2404 


0.195 


12.1 


1.6 


11 


73 


23.89 


29.08 


9 


60 


55 


Q2346-BX482 


2.2569 


0.112 


11.2 


1.1 


38 


51 


23.54 


29.22 


13 


38 




SSA22a-MD41 


2.1713 


0.096 


7.9 


2.8 


25 


33 


23.5 


29.21 


13 


31 




West-BM115 


1.6065 


0.225 


5.9 


1.0 


9 


17 


24.05 


28.75 


1 


40 




Wcst-BX600 


2.1607 


0.047 


6.3 


2.2 


19 


22 


24.04 


28.99 


<s 


12 





358 

287 



a E(B — V) inferred from SED fitting when if-band photometry is present (indicated by a value in column 11, the SFR from SED fitting), and calculated from the G — 1Z color 
assuming an SED with constant star formation and an age of 570 Myr otherwise. 
b Observed flux of Ha emission line, in units of 10~ 17 erg s -1 cm -2 . 
c Observed Ha luminosity, in units of 10 42 erg s — 1 . 

SFR derived from Ha flux in Mq yr , uncorrected for extinction and applying a factor of two aperture correction. 
c SFR derived from Ha flux after correcting for extinction and slit losses, in Mq yr^ 1 . 

Observed magnitude at ~ 1500 A; G-band for most objects, U n for those with z ~ 1.5. 
g Observed rest frame UV luminosity, log (erg s~ x cm -2 Hz -1 ). 
h SFR derived from uncorrected UV magnitude, in Mq yr~ 1 . 
1 SFR derived from extinction-corrected UV magnitude, in Mq yr -1 . 
j SFR derived from SED fitting, in Mq yr -1 . 

Ha equivalent width in A, incorporating a factor of two aperture correction except where noted. 
1 AGN, as determined from rcst-framc UV or optical spectra. 
m Aperture correction not applied for equivalent width calculation. 
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